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Preface

Assembled here are the publications of NIST Electron Beam Ion Trap (EBIT)
project, from its inception through the end of 2001. They are grouped thematically, as
indicated in the table of contents.  In order to address some of the most frequently asked
questions that are not fully answered in the papers themselves (When did this work
begin?  How much did it cost?  Who worked on it?) a historical introduction is included.
Other introductory material can be found on our web site at http://physics.nist.gov/ebit.
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Historical introduction to the NIST EBIT project

The birth of the NIST EBIT may be traced to a discussion between Jim Roberts
and Dick Deslattes prior to my arrival in 1988.  Jim had been searching for new research
directions for his Plasma Radiation group, and was encouraged by Dick to consider a new
device called an "Electron Beam Ion Trap" (EBIT) that had just been developed at
Berkeley and Livermore (see remarks by Ross Marrs, following this introduction).  Jim
traveled to California to see the original EBIT, and became convinced that NIST would
benefit from being one of the first to embrace this new technology.  On the day I arrived
at NIST to join Jim's group, I was swept into a meeting in which he was already
discussing the proposal to build an EBIT at NIST.

As plans developed, Jim teamed up with Josh Silver at the University of Oxford
and Uri Feldman at the U.S. Naval Research Laboratory to have the components for two
identical new EBITs designed and machined simultaneously.  Mort Levine, recently
retired from Lawrence Berkeley Laboratory, went to Oxford to lead the design work.  In
July of 1990, a contract was signed for $165k for one set of �EBIT parts� (including $35k
for materials) to be fabricated by the Oxford Nuclear Physics Machine Shop and
delivered to NIST.  The contract was supplemented with a $13k addition near the end of
the 1-year fabrication period.  Meanwhile, Jim specified the purchase of approximately
$100k in supporting electronics, vacuum pumps, and cryogenics, to be purchased in
collaboration with the Naval Research Laboratory.

After completing my postdoc work on another project in Jim's group, he hired me to
lead the EBIT project in 1991.  Doug Alderson began to work part-time on the project as
the group technician, helping me prepare the laboratory space.  In April of 1992 the box
of EBIT parts arrived.  Charlie Brown, one of Uri Feldman's staff members, traveled to
NIST periodically to work with me on the assembly.   Eventually, we purchased another
$50k or so of additional hardware, to bring the EBIT into operation for a grand total of
approximately $330k.

Our vision was to create a facility that would last many years and that would be
flexible enough to accommodate a wide range of experiments without major revision, so
Charlie and I took the better part of a year to carefully assemble and align the
components.  Special attention was paid to cleanliness because we did not want to bake
the vacuum system and damage some of the internal magnet systems.  The extra effort
paid off: we obtained an outgassing rate comparable to that of baked stainless steel, and
we have never had to disassemble the core of the EBIT for any reason since.  We have
only opened the vacuum chamber occasionally to replace windows or to insert a fresh
electron gun.  One of the last views of the inside of the NIST EBIT is shown in the
photograph in figure 1.  Approximately 150 machined components make up the 6 major
EBIT subsections that are shown.
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Shortly after the system was assembled, the first NIST EBIT postdoc, Gino Serpa,
arrived from Notre Dame and began helping with the external wiring.  A few months
later, Endre Takács came as a guest researcher from Keith Burnett�s group at Oxford and
began helping with the high voltage connections.  Martin Laming visited from NRL to
help install and debug some of the CAMAC electronics.  Cornelius Morgan joined us
from the University of Maryland, shortly after finishing his PhD, and began helping with
the interlock systems.  Our first trapped ions were obtained later in 1993 and our first
major scientific results were submitted for publication in 1994.  

Around this time, a major expansion of our EBIT work developed.  Eric Meyer
arrived from Harvard as our first NRC postdoctoral associate.  Helmar Adler, a visitor
from the Princeton Plasma Physics Laboratory (and former postdoc in another project in
our group) carried out some experiments with Eric using a Fabry-Perot interferometer.
Collaborations with Germany, Russia, Australia, Hungary and groups within NIST
developed, as discussed below.  At the same time, however, our collaborating scientists
from NRL began to focus their work in other areas and became less involved with the
EBIT.  Two NRL technicians, Glenn Holland and Greg Boyer, continued to work on the
construction of a metal ion injector for our EBIT, however.  Recently, NRL participation
has increased, as Martin Laming has become active in the planning and data analysis for
the microcalorimeter collaboration discussed below.

In 1994, Elmar Träbert began a series of visits from Germany to carry out
measurements of excited state lifetimes.  Towards the end of this work (1998), we also
did the first spatial imaging of the ion cloud inside our EBIT.  Support for this
collaboration was from a NATO International Scientific Exchange Grant and, later, the
Alexander von Humboldt Foundation.  Trey Porto arrived at the end of this period (1998)
as an NRC postdoc and took the lead in developing the ion cloud imaging work.

Also 1994, Yefim Aglitskiy joined us half-time as a senior guest researcher from
Russia.  Yefim's colleague, Anatoly Faenov, also came for a short visit to do an x-ray
spectroscopy experiment.  The bulk of our x-ray spectroscopy, however, was done in
collaboration with Dick Deslattes' group at NIST (which included Larry Hudson, Al
Henins, Joe Pedulla, and Chris Chantler).  After taking a position as a lecturer at the
University of Melbourne in Australia, Chris returned periodically to carry out various x-
ray experiments with us.  We are currently co-PI's on a grant supporting this work from
the Australian Research Council.

 With a �competence� funding award in 1994 from the office of the NIST Director
(Ray Kammer, retired), our research was expanded to address the emerging field of
nanotechnology.  Laura Ratliff was hired as the second permanent NIST EBIT staff
physicist that year. In 1995 we extracted beams of highly charged ions from the top of
our EBIT.   Bob Schmieder, from Sandia National Lab, loaned us an air-operated atomic
force microscope (AFM), and encouraged his postdoc, Dan Parks to join us as an NRC
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associate.  Cornelius Morgan began the design of an ion beamline, and Alexander Pikin
later joined us from Russia (by way of Stockholm) to lead that effort.  Ed Bell arrived as
a JILA postdoc to help put the beamline designs into practice.  By 1996, our 8 meter
beamline was fully operational and producing record fluences of highly charged ions for
experiments on surfaces.  Joe McDonald and Joachim Steiger visited from Livermore to
verify the beamline performance with an independent set of diagnostic hardware.  The
following year, Christiana Ruehlicke visited from Livermore, to carry out some
experiments on protein fragmentation that required our very high beam fluences.

Some of our early ion-surface work was done in collaboration with Skip Berry and
Stacy Mogren at the National Security Agency, using the analytical instruments that they
had available at the Microelectronics Research Laboratory in Columbia, Maryland.  By
1997, we had submitted our first ion-surface results for publication, and we purchased
our own UHV AFM and scanning tunneling microscope.  By 1998, this microscope was
coupled to the EBIT beamline, and a new NRC postdoc, Ronnie Minniti, had developed a
vibration isolation system and begun experiments with the microscope.  By the following
year, we submitted for publication the first atomic-scale images obtained in-vacuo of
features induced by highly charged ions.

Between 1995 and 1998, Endre Takács was back in Hungary, but a U.S.-Hungarian
Joint Fund grant made it possible for him to make periodic visits to NIST and bring, at
various times, several of his students (Attila Báder, Zoltán Ónodi-Szűcs, Csilla Szabó,
Zoltán Berényi, and Gábor Kusper).  In 1999, Endre returned full time on a contract with
MIT.  It was during this later period that Csilla Szabó joined us again on a Fulbright
Fellowship.

Jim Roberts retired from NIST in 1999, and I assumed his position as group leader.
In that year, we also began to deploy the EBIT to support the x-ray astronomy missions
of NASA, in collaboration with Eric Silver and Herb Schnopper from the Harvard-
Smithsonian Center for Astrophysics and Marco Barbera from the Observatory of
Palermo (Italy).  Simon Bandler was the key postdoc from Harvard in this effort, and
Frank Defreze was the supporting technician.  Ilmar Kink joined us during this time on a
postdoctoral fellowship from Sweden and worked together with Endre Takacs on this and
various other experiments.  The astrophysics work is currently supported by a NASA
grant, for which we are co-investigators.  Jim Roberts continues to work part time on the
development of EBIT instrumentation.

Our most recent NRC postdoc, Jason Sanabia, joined us in 2001 from the University
of Maryland and is working on ion-surface studies.  Also this year, Hiro Tawara came
from Japan (by way of Kansas State) as a senior guest researcher.

In addition to the people mentioned above, research has been carried out at the
NIST EBIT by several other PhD students, Andrew Black (Harvard University) and
David Patterson (University of Melbourne), undergraduates, David Fanning
(Massachusetts Institute of Technology), Mark Scafonas (Saint Joseph's University),
Cornelius Jackson (Norfolk State University), Chad Riland (University of Maryland),
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Vivik Goel (Rice University), and Lashondria Dixon (Oklahoma State University and
Southern University), and local high school students (Jessica Thomas, Brent Cezairliyan,
Melissa Hao, Sam Jahanmir, Daniel Bates, and Gregory Vieira).

A number of additional people have repeatedly worked short-term on various aspects
of the our EBIT program, including several NIST staff members (Jack Sugar, Yong-Ki
Kim), outside visitors working in the lab (Ed Magee, Dave Knapp, John Seely, George
Doschek, Andreas Bard, Gene Livingston, Curt Riemann, Jan Lorincik, David Church,
Thomas Stoelker, Reinhold Schuch, Tony Calamai) and providing theoretical support
(Hai-Ping Cheng, Nico Stolterfoht, Jacques Dubau). Others, participating remotely, are
reflected in the co-author lists of the reprints contained in this document.

No list of EBIT team players would be complete without including the local
management who have supported this work and provided us with their encouragement
over the years:  Wolfgang Wiese, Chief of the Atomic Physics Division at NIST, and
Katharine Gebbie and Bill Ott, Director and Deputy Director of the Physics Laboratory at
NIST.

My personal thanks go to all of you for daring to join in the EBIT adventure.

John Gillaspy,
Gaithersburg, MD; November, 2001



Figure 1. The NIST EBIT, just before final assembly of the 6 major subsections (clockwise from the bottom: e
drift tube assembly, collector, liquid helium insert, liquid nitrogen shield, outer vacuum can).
lectron gun,



Figure 2. Mort Levine and Ross Marrs examine data from the first operational EBIT in 
California.
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Remembering Mort Levine and the beginnings of the

                                        EBIT

Mort Levine died in February 2001.  During the period 1985 � 1986 Mort and I
worked together on the development of the first electron beam ion trap (EBIT) at
Lawrence Livermore National Laboratory.  At the time, Mort was an employee of
Lawrence Berkeley National Laboratory collaborating with several physicists at LLNL,
including myself.  This was the heyday of Star Wars and x-ray lasers at Livermore, and it
became clear that more accurate measurements of energy levels and electron-ion collision
cross sections in highly charged ions were necessary for the successful design of x-ray
lasers.  In this environment we knew that funding and management support would be
available at Livermore for the development of tools for such measurements.  We were
aware of the production of very high ion charge states in an electron beam ion source
(EBIS) in Russia, and the observation of x-rays from electron-ion collisions inside an
EBIS in France.  (We even had a private joke about exploiting the Russian �highly-
charged-ion gap� to obtain funding.)

The conception of the EBIT was preceded by an attempt to use an EBIS at
Berkeley for the study of highly charged ions.  The Berkeley EBIS had been built as a
cyclotron ion source and then abandoned, and was available at the time.  It was a room
temperature device that was unable to produce very high charge states.  The solenoid
magnet was made from split coils, which made it possible to look into the electron beam
from the side.  We started by studying the EBIS rather than using it.  We built an imaging
mirror for soft x-rays in an attempt to measure the size of the trapped ion distribution.
We also measured rf emission with a probe inside the vacuum tank, and recorded
extracted ions.  Mort led these measurements, and Bob Schmieder (from Sandia at
Livermore) and I drove over to Berkeley to participate.  Mort had the most experience in
plasma physics, and it seemed to me that he already knew that the performance of this
EBIS would be degraded by plasma instabilities and that he was just looking for the
evidence, which soon arrived.  The lesson from this experience was that we needed to
find a new tool for studying highly charged ions.

The experience with the Berkeley EBIS was our training ground.  It gave us the
knowledge and confidence to build a new type of machine.  Bob Schmieder began the
construction of a cryogenic EBIS at Sandia, and Mort and I began the construction of the
EBIT at LLNL, which provided the money.  The EBIT is the marriage of a cryogenic
Penning trap with an EBIS electron beam.  It was intended to be a small x-ray source for
spectroscopy of trapped ions.  It was not intended to be a source of ion beams, although it
was later used for that purpose.  We started the design by running computer calculations
of magnetic fields and the propagation of space-charge-dominated electron beams.  Mort
found an excellent cryogenic engineer at Berkeley who worked with us and helped turn
our �physics design� into a mechanical design.  As a result, most of the EBIT parts were
fabricated in the Berkeley shops and delivered to Livermore for final assembly.
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Our experiences on the first day of EBIT operation are an example of the
interaction of careful planning and the unexpected.  We knew that the weak x-ray signal
from trapped ions would be overwhelmed by bremsstrahlung if even a tiny fraction of the
electron beam (or secondary electrons) struck solid material in the field of view of the x-
ray detectors.  Hence the drift tubes were designed with a larger diameter in the central
section that is viewed by x-ray detectors.  On the first day of operation we turned on the
electron beam with no ion-trapping voltage applied to the drift tubes and looked for x-ray
background with a Si(Li) detector, hoping that it would be small.  We were relieved to
find only a small x-ray count rate as we made adjustments to maximize electron beam
transmission.  Later, as we examined the x-ray spectrum, we were at first surprised to
find x-ray lines at an energy greater than the electron beam energy, then excited as we
realized the explanation.  These lines turned out to be dielectronic recombination lines
from highly charged barium ions.  The barium came from the cathode of the electron gun,
and the ions were trapped in an axial well generated by the space charge of the electron
beam in our drift tube geometry.  So we made our first highly charged ions by accident
on the first day of operation, which the laboratory notebook records as 29 October 1986,
arguably the �birth� date of the EBIT.  As I remember it, Mort and I walked out to the
parking lot together at the end of the day; as the evidence of our success began to sink in,
Mort turned to me and said �we did it,� and so we had.  Highly ionized barium, first
made that day by serendipity, soon became the object of the first of many atomic physics
measurements.

Mort continued working on the Livermore EBIT for several years after its initial
operation.  The machine that we first operated was a bare-bones version of what the
facility later became as our understanding of the operation and capabilities of the EBIT
grew and as more people joined the program and came from elsewhere as users.  As we
understood problems, such as high voltage breakdown caused by electrons trapped in
magnet fringing fields, we modified parts to fix them.  We built x-ray spectrometers to
measure transition energies and invented ways to measure ionization cross-sections.  One
of the key EBIT concepts is the role of evaporative ion cooling, which Mort recognized
and championed. We eventually developed an adjustable light gas cooling system, which
is routinely used at Livermore to optimize the ionization balance and x-ray count rate.
Without it, the production of the highest ion charge states would not be possible.  After
his retirement from LBNL and the EBIT program at Livermore, Mort served as a
consultant for the design of the twin EBITs at Oxford and NIST.

Mort Levine was a colorful, enthusiastic, and unconventional person filled with
many ideas and proposals, not all of which were accepted by his colleagues.  However
Mort challenged and stimulated those of us who worked with him.  We discussed
everything.  It was an environment in which we could explore different approaches and
change course if things didn�t work.  That is how the EBIT was developed, and it was
fun.

Ross Marrs
Livermore, CA; October, 2001
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